
A Metal-Organic Nanotube Exhibiting Reversible Adsorption of (H2O)12
Cluster

Fangna Dai, Haiyan He, and Daofeng Sun*

Key Laboratory of Colloid and Interface Chemistry, Ministry of Education, School of Chemistry and Chemical
Engineering, Shandong UniVersity, Jinan 250100, P. R. China

Received July 29, 2008; E-mail: dfsun@sdu.edu.cn

Much effort has been focused on the investigation of water
structures due to its fundamental importance in chemical and
biological processes.1 In particular, many small water clusters such
as hexamers,2 octamers,3 and decamers4 have been found as crystal
hosts and structurally characterized, which provide information of
understanding the behavior of bulk water. Recently, low-dimen-
sional polymeric water/ice has also been structurally characterized
and reported.5 In general, the small water cluster as well as
polymeric water/ice coexist with other organic ligands or act as
host in metal-organic frameworks. Thus, small water clusters may
be trapped in porous materials such as metal-organic nanotubes
(MONTs) or open frameworks due to their special porous property.
In this communication, we report the synthesis and characterization
of a novel metal-organic nanotube possessing reversible and fast
adsorption of the (H2O)12 cluster.

Since the discovery of carbon nanotubes in 1991,6 many
nanotubular structures containing elements other than carbon and
different metal ions have been synthesized.7 Recently, considerable
progress has been made in the design and synthesis of nanotubular
metal-organic frameworks based on coordinative bonds because
these porous materials have potential applications in gas storage
and magnetism. Although many metal-organic frameworks (MOFs)
with open channels have been synthesized in the past decades,8

only a few nanotubular MOFs have been reported in the literature.
For instance, a nanotubular silver complex constructed from a
flexible tripodal ligand and a nanotubular cadmium complex based
on mixed organic ligands have been synthesized by Hong and co-
workers.9 Zur Loye and co-workers reported a zinc tubular MOF
based on a 3-amino-1,2,4-triazole ligand.10 Nanotubular 3d-4f
heterometallic MOFs as well as a lanthanide tubular structure have
also been designed and synthesized.11 However, the nanotubular
unit in the MOF mentioned above just acts as a subunit, which
was further connected by other ligands to form a highly dimensional
framework; the independent 1D metal-organic nanotubes (MONTs)
are quite rare.12

To assemble 1D metal-organic nanotube, the linking mode of
the organic ligand should meet with the coordination geometry of
the metal ion. An effective strategy is that the metal ion is first
connected by organic ligands to generate a square as the subunit,
and then, the second organic ligands link the square subunits from
the four vertexes to generate a 1D nanotubular framework. By using

this synthetic strategy, a novel 1D metal-organic nanotube,
Zn(ATIBDC)(bpy) ·3H2O (MONT-1), constructed from 4,4′-bipy
(bpy) and 5-amino-2,4,6-triiodoisophthalic acid (H2ATIBDC), has
been synthesized.

Slow diffusion of diethyl ether into a mixture of Zn(NO3)2 ·6H2O,
H2ATIBDC and 4,4′-bipy in dmf/EtOH/H2O (v/v ) 5:2:1) resulted
in the formation of a large amount of yellow prismatic crystals of
MONT-1, which was structurally characterized by single-crystal
X-ray diffraction. The formula of [Zn(ATIBDC)(bpy)] ·3H2O was
further confirmed by elemental analysis and TGA.

Single-crystal X-ray diffraction reveals that MONT-1 crystallizes
in tetragonal space group P4/n. The asymmetric unit consists of
one zinc ion, one ATIBDC, one bpy, and three uncoordinated water
molecules. The central zinc ion is coordinated by two nitrogen
atoms from two bpy ligands and two oxygen atoms from different
ATIBDC ligands in a tetrahedral geometry. One of remaining
carboxyl oxygen atoms has a weak coordination to the zinc ion
with the Zn-O distance being 2.250 Å. The bpy ligand adopts a
bidendate bridging mode to connect two zinc ions. Thus, four zinc
ions are first linked by four bpy ligands to generate a [Zn4(bpy)4]
square with the Zn-Zn distance being 11.168 Å (Figure 1a), which
is similar to those found in other molecular squares.13

Figure 1. (a) Zn4(bpy)4 square; (b) Zn8(bpy)8(ATIBDC)4 box trapped the
(H2O)12 cluster; (c and d) 1D nanotube of MONT-1 along c axis; (e)
nanotubular structure of MONT-1 showing the tube interior (yellow
column).
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Both carboxylate groups of ATIBDC are deprotonated during
the reaction, and the whole ligand acts as a bridging linker to
connect two zinc ions. Thus, the [Zn4(bpy)4] squares are infinitely
connected by ATIBDC ligands along the c axis to give rise to a
1D metal-organic nanotube containing Zn8(bpy)8(ATIBDC)4 boxes,
in which (H2O)12 clusters were trapped. The Zn8(bpy)8(ATIBDC)4

box has the dimensions 11.168 × 9.575 Å. The 12 water molecules
are located in the middle of the two [Zn4(bpy)4] squares of the box
and are in a dish-like arrangement. The average O · · ·O distance is
2.761 Å, which is similar to that in the reported supramolecular
(H2O)12 morphology5c,e and very close to the corresponding value
2.759 Å in ice Ih.14 In our (H2O)12 cluster, the average O-O-O
angle is 121.65°, which is similar to that found in the (H2O)18-
based supramolecular water layer5d but larger than that in
the supramolecular (H2O)12 morphology.5c,e The separation of the
(H2O)12 clusters along the c axis is 9.575 Å, which is equal to the
length of the box. The 1D metal-organic nanotube possesses a
square nanopore with the dimensions being 11.168 × 11.168 Å
(from Zn to Zn atom, Figure 1). All of the -NH2 groups of the
ATIBDC ligand point toward different directions, and the nano-
tubular framework looks like a screw propeller along the c axis
(Figure 1).

It is especially interesting to note that MONT-1 can remain
crystalline at high temperature and the (H2O)12 clusters can be
reversibly trapped by the Zn8(bpy)8(ATIBDC)4 box. TGA measure-
ment reveals that the gradual weight loss of 7.0% from 50 to 150
°C corresponds to the loss of three uncoordinated water molecules
(calcd: 6.5%). There is no weight loss from 150 to 340 °C, and
after 340 °C, MONT-1 starts to decompose. The crystals of
MONT-1 were heated at 180, 200, 240, and 280 °C in the air for
1 h to desolvate them and then cooled down to room temperature,
and the crystal color changed gradually from light yellow to dark
brown (Supporting Information). Single-crystal X-ray diffraction
on these crystals reveals that the (H2O)12 clusters are reabsorbed
in the Zn8(bpy)8(ATIBDC)4 box (Figure 2), although the shape of
the cluster and the O · · ·O distance are slightly changed (Supporting
Information). The average O · · ·O distance in the (H2O)12 cluster
changed from 2.761 Å in the as-synthesized crystal to 2.710, 2.775,
2.790, and 3.209 Å in the crystals after heating to 180, 200, 240,
and 280 °C and cooling back down to room temperature in the air,

respectively. These results indicate that the adsorption is reversible
and fast; the (H2O)12 cluster has already been reabsorbed in the
nanotube when the crystals were cooled back down to room
temperature in the air.15

In summary, by using mixed organic ligands, a novel metal-
organic nanotube has been synthesized and characterized. The new
nanotubular material can keep crystalline even after heating to 280
°C for 1 h, which is quite rare in porous materials. The unique
property of MONT-1 is its reversible and fast adsorption of the
(H2O)12 cluster. To the best of our knowledge, MONT-1 represents
the first independent 1D metal-organic nanotube that can reversibly
trap the (H2O)12 cluster. Further studies will focus on the synthesis
of other metal-organic nanotubes that can trap small water clusters.

Acknowledgment. This work was supported by National Nature
Science Foundation of China (Grant 20701025).

Supporting Information Available: Experimental procedures,
structural figures, and TGA as well as crystallographic data. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Mascal, M.; Infantes, L.; Chishom, J. Angew. Chem., Int. Ed. 2006, 45,
32–36. (b) Infantes, L.; Chisholm, J.; Motherwell, S. CrystEngComm. 2003,
5, 480–486. (c) Ludwig, R. Angew. Chem., Int. Ed. 2001, 40, 1808–1827.
(d) Nauta, K.; Miller, R. E. Science 2000, 287, 293–296.

(2) (a) Ghosh, S. K.; Bharadwaj, P. K. Inorg. Chem. 2004, 43, 5180–5182.
(b) Doedens, R. J.; Yphannes, E.; Khan, M. I. Chem. Commun. 2002, 62–
63. (c) Moorthy, J. N.; Natarajan, R.; Venugopalan, P. Angew. Chem., Int.
Ed. 2002, 41, 3417–3420.

(3) Atwood, J. L.; Barbour, L. J.; Ness, T. J.; Raston, C. L.; Raston, P. L.
J. Am. Chem. Soc. 2001, 123, 7192–7193.

(4) (a) Barbour, L. J.; Orr, G. W.; Atwood, J. L. Nature 1998, 393, 671–674.
(b) Mukhopadhyay, U.; Bernal, I. Cryst. Growth Des. 2006, 6, 363–365.

(5) (a) Lakshminarayanan, P. S.; Suresh, E.; Ghosh, P. J. Am. Chem. Soc. 2005,
127, 13132–13133. (b) Janiak, C.; Scharmann, T. G. J. Am. Chem. Soc.
2002, 124, 14010–14011. (c) Ma, B. Q.; Sun, H. L.; Gao, S. Angew. Chem.,
Int. Ed. 2004, 43, 1374–1376. (d) Luan, X. J.; Chu, Y. C.; Wang, Y. Y.;
Li, D. S.; Liu, P.; Shi, Q. Z. Cryst. Growth Des. 2006, 6, 812–814. (e)
Liu, Q. Y.; Xu, L. CrystEngComm 2005, 7, 87–89.

(6) Lijima, S. Nature 1991, 354, 56–59.
(7) (a) Fenniri, H.; Mathivanan, P.; Vidale, K. L.; Sherman, D. M.; Hallenga,

K.; Wood, K. V.; Stowell, J. G. J. Am. Chem. Soc. 2001, 123, 3854–3855.
(b) Kraus, T.; Budesinsky, M.; Cisarova, I.; Zavada, J. Angew. Chem., Int.
Ed. 2002, 41, 1715–1717. (c) Hong, B. H.; Lee, J. Y.; Lee, C. W.; Kim,
J. C.; Bae, S. C.; Kim, K. S. J. Am. Chem. Soc. 2001, 123, 10748–10749.

(8) (a) Kesanli, B.; Cui, Y.; Smith, M. R.; Bittner, E. W.; Bockrath, B. C.;
Lin, W. B. Angew. Chem., Int. Ed. 2004, 44, 72–75. (b) Eddaoudi, M.;
Moler, D. B.; Li, H.; Chen, B.; Reineke, T. M.; O’Keeffe, M.; Yaghi, O. M.
Acc. Chem. Res. 2001, 34, 319–330. (c) Kitagawa, S.; Kitaura, R.; Noro,
S. Angew. Chem., Int. Ed. 2004, 43, 2334–2375. (d) Moulton, B.;
Zaworotko, M. J. Chem. ReV. 2001, 101, 1629–1658. (e) Batten, S. R.;
Robson, R. Angew. Chem., Int. Ed. 1998, 37, 1460–1494. (f) Ma, B. Q.;
Mulfort, K. L.; Hupp, J. T. Inorg. Chem. 2005, 44, 4912–4914.

(9) (a) Wang, R. H.; Hong, M. C.; Luo, J. H.; Cao, R.; Weng, J. B. Chem.
Commun. 2003, 1018–1019. (b) Hong, M. C.; Zhao, Y. J.; Su, W. P.; Cao,
R.; Fujita, M.; Zhou, Z. Y.; Chan, A. S. C. Angew. Chem., Int. Ed. 2000,
39, 2468–2470.

(10) Su, C. Y.; Goforth, A. M.; Smith, M. D.; Pellechia, P. J.; zur Loye, H.-C.
J. Am. Chem. Soc. 2004, 126, 3576–3586.

(11) (a) Zhao, B.; Cheng, P.; Dai, Y.; Cheng, C.; Liao, D. Z.; Yan, S. P.; Jiang,
Z. H.; Wang, G. L. Angew. Chem., Int. Ed. 2003, 42, 934–936. (b) Ghosh,
S.; Bharadwaj, P. K. Inorg. Chem. 2005, 44, 3156–3161.

(12) (a) Su, C. Y.; Smith, M. D.; zur Loye, H. C. Angew. Chem., Int. Ed. 2003,
42, 4085–4089. (b) Xia, J.; Shi, W.; Chen, X.-Y.; Wang, H.-S.; Cheng, P.;
Liao, D.-Z.; Yan, S.-P. Dalton Trans. 2007, 2373–2375. (c) Jensen, P.;
Batten, S. R.; Moubaraki, B.; Murray, K. S. Chem. Commun. 2000, 793–
794. (d) Wang, X. L.; Qin, C.; Wang, E. B.; Li, Y. G.; Su, Z. M.; Xu, L.;
Carlucci, L. Angew. Chem., Int. Ed. 2005, 44, 5824–5827. (e) Cao, X. Y.;
Zhang, J.; Cheng, J. K.; Kang, Y.; Yao, Y. G. CrystEngComm 2004, 6,
315–317.

(13) Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. M. J. Am. Chem. Soc. 1995,
117, 6273–6283.

(14) Eisenberg, D.; Kauzmann, W. The Structure and Properties of Water;
Oxford University Press: Oxford, 1969.

(15) The as-synthesized crystals of MONT-1 were heated to 180, 200, 240,
and 280 °C in the air for 1 h. Once the temperature cooled back down to
room temperature, data collection on the crystals was performed im-
mediately. We believe that the re-absorbed (H2O)12 clusters in the crystals
were from the moisture in the air.

JA805920T

Figure 2. (H2O)12 cluster trapped by Zn8(bpy)8(ATIBDC)4 box. (a) Original
and reabsorbed after heated to (b) 180, (c) 200, (d) 240, and (e) 280 °C.
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